larly, the ability of ANB cells to nonautonomously induce In order to identify secreted proteins involved in the telencephalic gene expression in more posterior regions establishment of telencephalic identity, we have begun of the neural plate is matched by tlc-expressing cells to characterize molecules responsible for the signaling (n ϭ 40/59 for emx1, n ϭ 26/26 for BF1; Figures 1H-1K ). properties of the ANB. We show here that a novel seThe ability of both ANB and tlc-expressing cells to creted Frizzled-related protein (sFRP), Tlc, is a compopromote ectopic telencephalic gene expression raised nent of ANB signaling activity. sFRPs are proteins that the possibility that they might concomitantly suppress can bind to, and antagonise the activity of, Wnt moleother neural plate fates. To test this, we assessed the cules, presumably by inhibiting receptor/ligand interacconsequences of ANB and tlc-expressing cell transtions (Wang et al., 1997 predicted, tlc expression was inhibited where Noggin activity was highest, while it was ectopically induced in cells that would have become nonneural ectoderm at a compromised Bmp activity may contribute to the failure of telencephalic specification in the enlarged forebrains distance from the graft, presumably due to lowered Bmp activity in these cells (n ϭ 19/23; Figure 5K ). Thus, Nogof these embryos. To assess if this is the case, we transplanted tlc-expressing cells into embryos with abgin can induce ectodermal cells to become neural, and within anterior regions, cells at the interface between rogated Bmp activity. This led to robust restoration of telencephalic emx1 and fgf8 expression in all cases (Figneural and nonneural tissue express tlc and hence acquire the ability to induce telencephalic identity. Transures 5D and 5F), supporting the hypothesis that Tlc imparts telencephalic identity to anterior neural plate plants of noggin ϩ cells into the neural plate had no effect on tlc expression, fitting the prediction that Bmp activity cells and that the loss of Tlc in Bmp-depleted embryos contributes to the loss of telencephalic fates. is already below the threshold for induction of tlc in this region (n ϭ 12/12; Figure 5L ). Together, these results indicate that tlc expression is induced within the anterior Early Direct or Indirect Manipulations of Wnt Activity Alter Expression of tlc and wnt8b margin of the neural plate between thresholds of Bmp activity.
Fish mutants with altered expression of Wnt8 have enlarged or reduced heads, depending on the levels of The reduction/loss of tlc expression in embryos with local antagonism of Wnt signaling within the anterior neural plate can result in ectopic induction of telencephOne possibility is that Wnt8 and its antagonists not only regulate head formation but also mediate regional patalon in wild-type embryos and restoration of telencephalic identity both in ANB-ablated embryos and in terning and inductive events within the prospective forebrain. However, given the distance between the telencembl Ϫ/Ϫ embryos. Furthermore, we provide evidence that the posterior diencephalon is a likely source of Wnt phalic anlage and the source of Wnt8 in the involuting mesendoderm, a more attractive hypothesis is that alterligands, including Wnt8b, which antagonize telencephalic specification. All together, these data provide ations to early Wnt activity directly or indirectly lead to changes in the expression of genes that subsequently compelling evidence that telencephalic identity is established through local suppression of Wnt signaling in the act locally within the neural plate to effect regional patterning. To address if this may be the case, we assessed anterior neural plate during late gastrulation. expression of tlc and wnt8b in embryos with alterations in early Wnt activity.
Tlc Is a Novel sFRP Required for Establishment Zebrafish embryos lacking Nodal signaling have enof the Telencephalon larged heads as a consequence of reduced Wnt8 activity Sequence analysis shows Tlc to have its greatest homol-(Erter et al., 2001). To assess whether this Nodal path-
ogy to mammalian sFRP1 and sFRP5. However, there way-dependent reduction in Wnt8 signaling is likely to is currently insufficient data to assess whether Tlc is a affect the activity of locally acting Wnt pathway genes true ortholog of either of these genes. There has been in the anterior neural plate, we assessed expression of relatively little expression analysis of sFRP-encoding tlc and wnt8b in Nodal-depleted embryos. We observed genes, and of those analyzed in other species, none dramatic alterations in expression of both genes, with shows patterns similar to tlc. Tlc can function as a bona tlc expressed in a broad anterior domain of the neural fide Wnt antagonist, as can several other sFRP family plate and wnt8b reduced (Figures 6B and 6F) In addition to affecting the specification of the telendiencephalon. We predict that both of these procedures would limit the amount of Wnt protein moving from poscephalon, local levels of Wnt activity affect eye specification. In mbl Ϫ/Ϫ embryos, eyes are lost, presumably due terior diencephalon into the anterior neural plate. Second, we show that wnt8b is expressed in the prospective to overactivation of Wnt signaling within the prospective eye field (Heisenberg et al., 2001 ). However, here we posterior diencephalon from mid/late stages of gastrulation. Abrogation of Wnt8b activity in mbl Ϫ/Ϫ embryos have also shown that enhanced Tlc activity in the anterior margin of the neural plate can expand telencephalic restores telencephalic fates, implying that excessive Wnt8b activity contributes to the loss of telencephalic gene expression into the prospective eye field, in this case presumably by lowering the level of Wnt activity. fates in mutant embryos. Similarly, abrogation of Wnt8b activity in wild-type embryos leads to expansion of the Together, these results raise the possibility that eye-field fates are specified by a level of Wnt signaling intermediate telencephalon, implying that endogenous Wnt8b activity may limit the extent of telencephalic tissue. All together, between that which promotes posterior diencephalon and that found in the prospective telencephalon. Althese results imply that Wnt8b (and perhaps other Wnts) are produced in the posterior diencephalon and move though this simple gradient model of Wnt activity in the anterior neural plate is attractive, it may be an oversiminto the anterior neural plate where their activity is antag-plification, as some observations still lack explanation. ments against this idea. Alterations in the activities of the genes (such as dkk, frzb1, wnt8, and cerberus) that For instance, abrogation of Wnt8b activity restores telmay influence the postulated Wnt gradient all lead to encephalon but not eyes to mbl Ϫ/Ϫ embryos, and indeed, increases or decreases in the size of the whole forebrain there appears to be a cell autonomous requirement for and not to alterations in induction of specific regional wild-type Axin1/Mbl in the eye fields (Heisenberg et al., fates within the forebrain. Indeed, fish embryos possibly 1996) but not elsewhere in the forebrain. Finally, recent lacking all early posteriorizing signals still possess patstudies in Xenopus have suggested that Frizzled3-mediterned forebrain tissue consisting of telencephalon, diated Wnt signaling promotes, rather than inhibits, eye encephalon, and eyes (Thisse et al., 2000) . Second, aldevelopment (Rasmussen et al., 2001 ). All together, though it appears that Wnts can have activities at a these results suggest a complex, and as yet poorly undistance, it seems unlikely that Wnts expressed in proderstood, role for the Wnt pathway in eye development. spective mesendoderm could travel far enough through the ectoderm to mediate regional patterning within the Forebrain Fates and Bmp Signaling anterior neural plate. Third, all of the manipulations that Our data suggest that tlc is expressed between threshwe describe in this study lead to dramatic alterations in olds of Bmp activity found at the rostral margin of the regional patterning of the anterior neural plate without neural plate. Severe abrogation of Bmp activity leads to affecting early Wnt-dependent patterning events. a loss of tlc expression, as has been observed for other Fourth, there is no evidence that telencephalic identity marginal neural plate markers at all head and trunk levels is established at the time at which early acting Wnt Over all, we suggest that changes in regional pat- 
